The purpose of our study was to evaluate the utility of measurements of cortical surface magnetization transfer ratio (csMTR) on the inner, mid and outer cortical boundaries as clinically accessible biomarkers of cortical gray matter pathology in multiple sclerosis (MS). Twenty-five MS patients and 12 matched controls were recruited from the MS Clinic of the Montreal Neurological Institute. Anatomical and magnetization transfer ratio (MTR) images were acquired using 3 Tesla MRI at baseline and two-year time-points. MTR maps were smoothed along meshes representing the inner, mid and outer neocortical boundaries. To evaluate csMTR reductions suggestive of sub-pial demyelination in MS patients, a mixed model analysis was carried out at both the individual vertex level and in anatomically parcellated brain regions. Our results demonstrate that focal areas of csMTR reduction are most prevalent along the outer cortical surface in the superior temporal and posterior cingulate cortices, as well as in the cuneus and precentral gyrus. Additionally, age regression analysis identified that reductions of csMTR in MS patients increase with age but appear to hit a plateau in the outer caudal anterior cingulate, as well as in the precentral and postcentral cortex. After correction for the naturally occurring gradient in cortical MTR, the difference in csMTR between the inner and outer cortex in focal areas in the brains of MS patients correlated with clinical disability. Overall, our findings support multi-surface analysis of csMTR as a sensitive marker of cortical sub-pial abnormality indicative of demyelination in MS patients.
Introduction
It is now widely recognized that standard MR imaging of multiple sclerosis (MS) can visualize only a fraction of the disease burden in cortical gray matter (cGM). In particular, conventional MRI applied at the clinically accessible MRI field strengths of 1.5 or 3 Tesla (T) cannot adequately detect the cortical gray matter pathology observed in postmortem studies, even though cGM pathology is believed to play a significant role in both cognitive dysfunction (Nielsen et al., 2013; Papadopoulou et al., 2013) and worsening clinical symptoms (Cohen-Adad et al., 2011; Nielsen et al., 2013; Mainero et al., 2015) . This inability of standard MRI to visualize cortical pathology may partially contribute to the relatively weak association between MRI-visible lesions and clinical status.
A further complicating factor is that the spatial resolution and contrast of standard MRI scans at 1.5 T and 3.0 T are insufficient to detect the important sub-pial demyelination that appears to exist preferentially along the outer layer of the cortex (Peterson et al., 2001) . To date, cortical sub-pial demyelination has only been visually observed in-vivo using ultra-high field (UHF) MRI at 7 T (Mainero et al., 2009; Cohen-Adad et al., 2011; Nielsen et al., 2012) . For example, recent 7 T MRI studies employing T 2 ⁎ mapping have demonstrated longer T 2 ⁎ values suggestive of demyelination along the layers of the cortex in MS patients (both RRMS and SPMS) compared to controls (Mainero et al., 2015) . Regrettably, UHF MRI (≥ 7 T imaging) is not feasible for large-scale MS clinical trials in the foreseeable future. Currently, there is only one 7 T human MRI system in Canada and approximately 50 worldwide. In contrast, over 2500 3 T systems operate globally. Since multi-center trials required for late stage drug development in MS involve hundreds of clinical sites around the world, 1.5 or 3 T systems remain the only clinically feasible options presently available. The current inability of these systems to efficiently visualize and quantify the extent of cortical pathology remains a major impediment to assessing its response to disease modifying therapies.
In this study, we address these issues using multi-surface, longitudinal measurements of magnetization transfer ratio (MTR) at the clinically-accessible MRI field strength of 3 T. MTR imaging is a semi-quantitative MRI technique that is sensitive to the relative degree of myelination in brain tissue (Dousset et al., 1992) . It has been applied extensively in MS white matter research (Campi et al., 1996; Filippi et al., 1998; Pike et al., 1999; Rocca et al., 1999) . More recently, several studies have demonstrated the utility of cortical MTR mapping for tracking demyelination in MS both in vivo and in post-mortem tissue samples (Schmierer et al., 2004; Chen et al., 2013; Derakhshan et al., 2014) . Our previous work (Derakhshan et al., 2014 ) at 1.5 T, as well as the work of Samson et al. (2014) , suggest subtle cortical demyelination effects can be monitored using MTR projected onto the cortical surface.
The vertex level analysis conducted in our study is supplemented by cortical surface region of interest (ROI) analysis for assessing anatomically-localized regions of the cortex where group-level, age-related decline in csMTR of MS patients exceeds that of controls. A number of previous studies have shown that age-related decline in MTR occurs in the white matter of healthy subjects (Silver et al., 1997; Schiavone et al., 2009; Newbould et al., 2014) . One study identified a quadratic decrease in MTR in selected regions of cortical gray matter that occurs predominantly after 40 years of age in healthy control subjects (Mascalchi et al., 2014) . To date, however, no link between sub-pial demyelination and subject age of MS patients has been found.
We test the hypothesis that the relative difference in csMTR existing between cortical surface layers in patients correlates with clinical disability in MS, as measured by the Expanded Disability Status Scale (EDSS) (Kurtzke, 1983) . Lastly, we compare csMTR values in manually segmented cortical lesions to normal-appearing gray matter (NAGM).
Materials and methods

Study design
Twenty-five patients with MS and 12 age and sex-matched controls were recruited from the Multiple Sclerosis Clinic of the Montreal Neurological Institute and Hospital between November 2009 and November 2010. Subject recruitment was part of a larger ongoing, longitudinal study of cortical demyelination in MS. To this end, 18 patients and 10 controls were imaged at baseline, as well as at a two-year time point to evaluate longitudinal changes in cortical MTR. Overall, the total number of examinations included in our analysis was 65.
Patient inclusion criteria were as follows: (i) subjects must have been between the ages of 20 and 70 and (ii) must have had a diagnosis of MS according to the 2005 McDonald criteria . Patients were not scanned within two months of a clinical relapse. All patients were on a stable treatment regime (i.e. they were not in the process of changing treatment and had no immediate plans to start or change treatment). There were no restrictions on the type of diseasemodifying therapies used by the patients enrolled in the study. Of the 25 patient data sets analyzed, 21 had a diagnosis of relapsing-remitting MS (RRMS), while four had a diagnosis of secondary progressive MS (SPMS). The mean age of patients at baseline was 48, with ages ranging from 28 to 67. All MS patients enrolled in the study were clinically evaluated within three months of their scan date by a senior neurologist at the Multiple Sclerosis Clinic of the Montreal Neurological Institute and Hospital. At the time of evaluation, the EDSS score of each patient was determined. Written informed consent was obtained from all patients and controls; the research was approved by the Research Ethics Board of the Montreal Neurological Institute.
Imaging protocol
Imaging was performed on a 3 T MRI scanner (Siemens Healthcare, Erlangen, Germany) using a volume coil for radiofrequency (RF) excitation and a 12 channel coil for signal reception. Axial T 1 -weighted images were acquired using a 3D spoiled gradient-recalled echo sequence with the following scan parameters: TR = 20 ms, TE = 5 ms, flip angle = 27 degrees, field of view = 256 × 192 × 192 mm 3 , matrix dimensions = 256 × 192 × 192, isotropic spatial resolution of 1 mm 3 and total scan time = 9 min and 38 s. The T 1 -weighted images were used for cortical surface reconstruction, cortical/white matter lesion segmentation and normalized brain volume measurements. Four additional contrasts, also employed for lesion segmentation, were collected: Axial 2D, T 2 -weighted images were acquired using a turbo spin-echo (TSE) sequence with TR = 4500 ms, TE = 83 ms, echo spacing = 9.18 ms, turbo factor = 11, field of view = 256 × 256 × 180 mm 3 , matrix dimensions = 256 × 256 × 60, inplane resolution of 1 mm 2 , slice thickness = 3 mm, and total scan time = 3 min and 47 s; Sagittal 3D FLAIR images acquired using an inversion-prepared variable flip angle TSE sequence with TI = 2200 ms, TR = 6 s, TE = 355 ms, echo spacing = 3.3 ms, turbo factor = 141, field of view = 256 × 256 × 176 mm 3 , matrix dimensions = 256 × 192 × 176, isotropic 1 mm 3 spatial resolution, GRAPPA acceleration factor R = 2 in the first phase encode direction and total scan time = 8 min and 50 s; Axial 2D, proton density weighted images were acquired using a TSE sequence with TR = 2200 ms, TE = 10 ms, echo spacing = 10.2 ms, turbo factor = 4, field of view = 256 × 256 × 180 mm 3 , matrix dimensions = 256 × 192 × 60, in-plane resolution of 1 mm 2 , slice thickness = 3 mm, and total scan time = 4 min and 48 s; Sagittal 3D double inversion recovery (DIR) images were acquired with a variable flip angle TSE readout, TI = 3000 ms, TR = 7.5 s, TE = 323 ms, echo spacing = 3.02 ms, turbo factor = 256, field of view = 288 × 243 × 180 mm 3 , matrix dimensions = 256 × 192 × 176, isotropic 1.5 mm 3 spatial resolution, GRAPPA acceleration factor R = 2 in the first phase encode direction and total scan time = 6 min and 53 s. Magnetization transfer ratio (MTR) maps were produced based on (i) an axial gradient echo acquisition with a Gaussian off-resonance saturation pulse + 1200 Hz away from the water resonance (Sat) and (ii) a second identical acquisition without the saturation pulse (NoSat). Both the MTR sequences utilized a 3D acquisition with TR = 33 ms, TE = 3.81 ms, flip angle = 10 degrees, field of view = 256 × 192 × 192 mm 3 , matrix dimensions = 256 × 192 × 192, isotropic 1 mm 3 spatial resolution, and GRAPPA acceleration factor R = 2 in the first phase encode direction. The acquisition time for each of the MTR sequences was 6 min and 34 s. To calculate MTR maps, both images were registered to the space of the T 1 -weighted image using a hierarchical linear registration (Collins et al., 1994) . At each voxel, MTR was calculated from the Sat and NoSat image intensities as 100 × (NoSat − Sat) / NoSat.
Image processing
Cortical surface meshes along the white matter and pial surfaces were first generated based on the T 1 -weighted image volumes of each patient at each time point using the standard FreeSurfer analysis pipeline (Dale et al., 1999; Fischl et al., 1999a,b) , version 5.1.0. All cortical surface reconstructions were visually inspected, with manual corrections applied if necessary. The FreeSurfer longitudinal analysis pipeline was then used to create unbiased, longitudinally consistent cortical surfaces for the two time points in our study. Based on the resultant white matter and pial surfaces, intermediate surfaces were generated at 25% (outer), 50% (mid) and 75% (inner) depth intervals along a Euclidean distance vector linking a vertex on the pial boundary and the white matter surface (Fig. 1 ) utilizing in-house developed software. To avoid partial volume contamination from cerebrospinal fluid and white matter that would occur if the pial and white matter boundaries themselves were used, the outer and inner surfaces were defined at depths of 25% and 75% respectively. Note that, in Fig. 1 , the green line may not appear halfway between the red and yellow surfaces at all points because we are only looking at a particular 2D slice from a 3D volume.
To evaluate the MTR along each surface, MTR images were registered to the space of the T 1 -weighted image and blurred along the surfaces by employing a 2D geodesic smoothing kernel with a full-width at half maximum (FWHM) of 10 mm. Lerch and Evans (2005) have shown that, for quantitative surface-based analysis, 2D geodesic smoothing is preferentially sensitive and reduces partial volume errors and bias compared to conventional 3D isotropic smoothing. Previous research in our lab identified that, at 1.5 T, a geodesic smoothing kernel with a full width at half maximum (FWHM) of 10 mm preferentially detects medium to large areas of sub-pial abnormality suggestive of cortical sub-pial demyelination (Derakhshan et al., 2014) . In addition to measuring magnetization transfer ratio along the cortex, FreeSurfer-based cortical thickness measurements were carried out.
The baseline normalized brain volume of each subject was measured using the SIENAX tool from the FSL software package . White matter MS lesions were automatically segmented employing a Bayesian classifier (Francis, 2005) . Following this, a research radiologist having over 10 years experience (J.M.), manually corrected any errors in the white matter lesion masks.
For cortical lesion segmentation, labels were drawn manually in each slice if regions included at least 3 contiguous voxels with hypo-intensity on T 1 -weighted images and a corresponding hyper-intensity on T 2 -weighted, FLAIR and DIR images. All cortical lesions were segmented by a research radiologist having over 10 years of experience (J.M.), using a multi-contrast reading protocol. The cortical lesion masks were then registered to the MTR maps to allow comparison of the mean MTR in cortical lesions to that in the corresponding cortical regions of controls. The white and gray matter masks derived from the Bayesian classifier were used to calculate mean MTR in normal-appearing cortical gray matter (NACGM) and in normal-appearing white matter (NAWM). The mean MTR in these tissues was compared between patients and controls using a Welch's two-sample t-test.
Surface and volume based statistical analyses
To perform statistical analysis at the group level, all cortical surface reconstructions were non-linearly registered to the coordinate space of the FreeSurfer average template (Dale et al., 1999) . Subsequently, vertex-wise statistical analysis of MTR differences between MS patients and controls was carried out using a general linear mixed-effects model. The mixed-effects model included fixed effects terms for both age and group (either MS or controls), as well as a random subject-specific effects term that induced equal correlations between observations of the same subject. Since the mixed effects model was evaluated at each individual vertex, correction for multiple comparisons was carried out to yield accurate statistical results. In our study, this was performed using the resampling-based false discovery rate strategy introduced by Yekutieli and Benjamini (1999) , Benjamini and Yekutieli (2001) . False discovery rate (FDR) correction was performed using a q-value threshold of 0.1. Such a q-threshold defines the fraction of false positives tolerable in statistical analyses. The mixed effects model was used because measurements of MTR at baseline and two-year time points were strongly correlated. Not all subjects imaged at baseline were able to return for a follow-up scan, leading to missing data. Specifically, 18 out of the total 25 MS patients and 10 out of 12 controls returned for scans at the second time point. The mixed-effects model, with a random subject effect, accounted for missing data at the follow-up scan. The aforementioned statistical analysis was applied for all three cortical surface layers (inner, mid and outer -defined as cyan, light green and pink in Fig. 1 ).
To augment the above analyses, we tested the hypothesis that MS patients exhibit a significantly greater reduction in csMTR on the outer surface compared to the inner surface, when accounting for the natural gradient of MTR values in controls. Specifically, the average csMTR at each vertex of the controls was subtracted from the surfaces of each MS patient. The result was then normalized by the mean csMTR in controls and used as input to a general linear mixed model. This procedure increased the number of degrees of freedom (df = 130) compared to the tests between patients and controls on a single surface (df = 62). As a result, additional explanatory variables were able to be included in the mixed-effects model for between-surface analysis. Specifically, the resultant model included fixed effects for age, EDSS, white matter lesion load and normalized brain volume at baseline, as well as a random subject-specific effect.
In addition to the vertex-wise analysis discussed above, we applied ROI-level analyses to investigate: (i) group-level, age-related decline in csMTR of MS patients relative to controls and (ii) age-adjusted, group mean differences in csMTR between MS patients and controls. For this purpose, surface-based ROIs from the Desikan-Killiany atlas (Desikan et al., 2006) were employed. Calculating mean surface csMTR within these ROIs increases the effective SNR relative to vertex-based analyses. We hypothesized this would allow better detection of age-related reductions of csMTR. For each ROI, a mixed model analysis with fixed effects terms for age and group (either MS or controls), as well as a random subject-specific effect was carried out. The mixed model analysis was conducted independently for the left hemisphere, Fig. 1 . Representative cortical surface reconstruction examples. Segmentation of the inner (cyan), mid (light green) and outer (pink) cortical surface layers based on the initial FreeSurfer pial and white matter surfaces derived from the longitudinal FreeSurfer pipeline. MR images correspond to one slice from a normal control subject for (A) T 1 -weighted anatomical scan and (D) MTR map. Panels B, C, E and F display magnified views of cortical sulci and gyri. The mid cortex (light green) is located along a Laplacian boundary, halfway between the red and yellow surfaces in 3D space. Note that, in the figure, the light green surface layer may not appear to be exactly halfway between the red and yellow surfaces at all points because the figure demonstrates only a 2D slice from a 3D volume.
the right hemisphere and both hemispheres combined. For the combined hemispheres, an additional fixed effect specifying the hemisphere for each subject was included. Multiple comparisons correction of the ROI data was performed using FDR with a q threshold of 0.05.
Results
Subject demographic and clinical information
The mean age of patients in our study was 48.5 ± 9.5 and the mean age of controls was 42.1 ± 11.8. The control group consisted of 12 subjects imaged at baseline and 10 subjects at the second year time point. The MS patient group consisted of 25 subjects at baseline and 18 subjects at the second year time point. Additional demographic details, including gender, median baseline white matter lesion load and EDSS are presented in Table 1 .
Whole-brain MTR
Our first analysis examined the mean csMTR across the entire cerebrum. This was used to discern differences in cerebral cortical myelination patterns between MS patients and controls. Only the baseline time point data was used for this analysis. Examples of baseline time point csMTR along the inner, mid and outer cortical boundaries for MS patients and controls are displayed in Fig. 2A . The natural gradient in cortical myelination is appreciable, based on the decreasing MTR values (darker green colours) seen when moving from the inner to the outer cortical boundaries. The mean cerebral csMTR of MS patients compared to controls is summarized in the bar plots of Fig. 2B . Mean csMTR of patients was significantly reduced (p b 0.05) on the mid and outer cortices. The expected natural gradient in csMTR from inner to outer cortex was also observed in these plots -decreasing from the inner to the outer boundary. The csMTR of controls decreased by 2.78 MTR units from the inner to the outer surface, while the csMTR of patients decreased by 3.52 units The absolute differences between the inner cortex and the mid cortex (0.55 MTR units for controls, 1.36 units for patients) were significantly (p b 0.05) smaller than those between the mid cortex and the outer cortex (2.23 units for controls, 2.16 units for patients).
Surface-based MTR at the vertex level on individual surfaces
Localized reductions in csMTR of patients compared to controls along the inner, mid and outer cortical surface boundaries are identified with colour overlays in Fig. 3 . Regions of significant csMTR reduction in MS patients compared to controls are indicated by the blue colours in the thresholded t-statistic maps (Fig. 3B) . The vertex-wise analysis shown in Fig. 3 used a general mixed model analysis with a fixed age covariate and a random subject covariate. The largest areas of sub-pial MTR abnormality were identified along the outer cortical boundary. The percentage of affected cortical surface area, as defined by our false discovery rate multiple comparisons correction, decreased from 27.18% along the outer surface to 7.24% along the inner surface (Fig.  3) . The largest areas of reduced csMTR on the outer cortical boundary extended along the superior temporal, parahippocampal, superior/inferior parietal and posterior cingulate cortices, as well as in the precuneus, cuneus and precentral gyrus of both hemispheres. Translaminar differences in csMTR (those regions which were significant on all cortical surface layers) were also identified across cortical regions in the left parahippocampal and inferior parietal cortices, as well as in the right posterior cingulate cortex.
Brain parcellation approach for evaluating age-related changes in csMTR
The relationship between layer-specific csMTR and patient age in three selected brain ROIs (precentral cortex, posterior cingulate cortex and precuneus), parcellated using the Desikan-Killiany FreeSurfer atlas (Desikan et al., 2006) , is displayed in Fig. 4A -C. These three ROIs were chosen because of their anatomical and functional roles in large-scale brain networks and also because of the patterns we observed in either (i) significantly reduced group-average csMTR or (ii) significant age-related reductions in csMTR of patients compared to controls. Age was used as an independent variable in the mixed model regression of Table 2 .
In Fig. 4B , in the outer layer of the posterior cingulate cortex, a significant age-related reduction in csMTR was observed in MS patients compared to controls (p b 0.05 and significant after multiple comparisons correction using the false discovery rate technique with a threshold of q = 0.1). In the middle layer of the posterior cingulate cortex, a trend towards significant age-related csMTR reduction was observed (p b 0.05, but not found to be significant after multiple comparisons correction with q = 0.1). Age-related reduction in csMTR along the inner layer of the posterior cingulate cortex was not significant and no trend was observed. In the outer cortical layer of the precuneus, a trend was noted in the age-related reduction of csMTR (p = 0.014, but not significant after multiple comparisons correction). Age-related reductions in csMTR were not observed along the middle or inner layers.
Inside the cortical ROIs that showed either statistically significant age-related decreases in csMTR or trends in csMTR decrease, there was an average 0.092 MTR units/yr decrease on the outer surface. In contrast, in corresponding ROIs along the mid and inner cortex, the average annual decreases were 0.039 MTR units/yr and 0.046 MTR units/ yr respectively. The columns labeled "main effect" in Table 2 identify in bold all the ROIs where csMTR of patients was lower, on average, compared to controls. Specifically, in the pars opecularis, rostral anterior cingulate, rostral middle frontal and lateral orbitofrontal cortices, the average csMTR was significantly reduced only along the outer surface. Likewise, in the caudal anterior cingulate, precentral and postcentral cortices, only the outer and middle cortical bands showed significantly reduced csMTR.
Cerebral mean MTR in normal-appearing cortical gray matter (NACGM), cortical gray matter lesions and normal-appearing white matter (NAWM) are compared in Table 3 . The mean NACGM MTR did not differ between patients and controls, while the NAWM in MS patients was significantly reduced compared to healthy controls at the level p b 0.05. The mean cortical gray matter lesion MTR, 34.57 ± 2.60, was significantly reduced (p b 0.05) compared to the MTR in the corresponding matched locations in controls (36.39 ± 0.97). For leukocortical lesions, only the portion of the lesion existing within the cortical gray matter was used to calculate the mean MTR values. NACGM included all cortical gray matter tissue without a radiologically identified lesion. Fig. 3A shows group registered, t-statistical maps for inner, mid and outer cortical surfaces displaying regions of significant MTR decrease in patients compared to controls. The maps in Fig. 3B have been multiple comparisons-corrected using the false discovery rate (FDR) technique with q = 0.05. Consequently, the corresponding colour bar in Fig. 3B has been thresholded to only show the relevant t-statistical values above the FDR threshold. The inter-hemispheric cut has been masked-out (blacked-out regions) to remove spurious MTR values from this region.
Surface-based MTR at vertex level using the difference in MTR between surfaces
Using a vertex-wise analysis, we also explicitly examined the relative differences in csMTR between the three cortical surfaces. When all csMTR values were corrected for the natural gradient in csMTR that existed in controls, only the difference between the outer and inner csMTR proved significant (using FDR multiple comparisons correction with q = 0.05). This result is shown in Fig. 5 . Significant light blue clusters in the thresholded t-statistic maps of Fig. 5 identify regions where the relative decrease in csMTR along the inner surface exceeded that on the outer surface. Clustered, light blue regions exist in the left superior frontal cortex and pars opecularis, as well as in the right superior frontal cortex. The relative decrease in csMTR was greater along the outer cortex (orange/yellow clusters) in the left supramarginal and inferior parietal cortices, as well as in the left and right superior and middle temporal lobes. Fig. 6 shows thresholded t-statistical maps of regions where the relative csMTR difference between outer and inner cortical MTR of MS patients (corrected for the natural patterns of MTR in controls) was correlated with EDSS. Values are significant after multiple comparisons correction with q = 0.05 and after co-varying for normalized brain volume, white matter lesion load, global cortical thickness, global cortical MTR and age. The strongest associations with EDSS were identified in large clusters located in the (A) precuneus, (B,C) superior frontal and (D) rostral anterior cingulate cortices (red squares). Significant t-values were also observed in the vicinity of the primary motor strip, as well as in the left superior frontal, supramarginal, lateral orbitofrontal cortices.
Discussion
Cortical pathology may be a substrate of cognitive impairment (Nelson et al., 2011; Nielsen et al., 2013; Papadopoulou et al., 2013) and worsening clinical symptoms in patients with MS (Cohen-Adad et al., 2011; Nielsen et al., 2013) . Indeed, areas of sub-pial abnormality suggestive of diffuse sub-pial demyelination have been measured by increases in quantitative T 2 ⁎ and T 2 ⁎ -weighted signal intensity obtained with UHF 7 T MRI. Such sub-pial abnormalities have previously been linked to increased neurological disability based on both EDSS and the Multiple Sclerosis Severity Score (MSSS) (Nielsen et al., 2013; Mainero et al., 2015) . However, UHF MRI will likely not be available for largescale MS clinical trials in the near future. Moreover, even with gradient echo-based T 2 ⁎ mapping at 7 T, the current scan times required for performing sub-millimeter imaging of whole-cerebrum cortical laminae with good signal-to-noise ratio and limited artifacts are on the order of 30-45 min (Mainero et al., 2009; Nielsen et al., 2013; Mainero et al., 2015) .
Clearly, there is a need for fast, efficient quantitative MRI methods to track cortical pathology in MS clinical studies at accessible field strengths. Cortical MTR has previously been suggested as a quantitative marker of sub-pial demyelination in MS (Crespy et al., 2011; Chen et study, we have utilized cortical surface-based analysis of MTR data to quantify sub-pial abnormalities suggestive of diffuse sub-pial demyelination using standard 3 T MRI at a voxel resolution of 1 mm 3 isotropic.
We have also explored the use of both individual cortical surface layers and the relative difference in csMTR between those layers as metrics of sub-pial demyelination. Additionally, we have quantified the csMTR values in anatomically parcellated ROIs and manually segmented cortical lesions in order to provide context for our separate voxel-wise csMTR measurements of diffuse, sub-pial abnormality. Our results suggest that csMTR maps, particularly those created using the outer cortical boundary, are capable of identifying a subset Table 2 Mixed-model analysis of csMTR reductions. A mixed model with age, random subject, and age × group covariate terms was employed. In the case of the hemisphere-combined data, a fixed effect for hemisphere and an interaction between hemisphere and subject index was also included. The columns entitled 'Age, MTR unit/yr' identify both the magnitude of age-related decline of csMTR in MS patients and whether this decline was significant relative to control subjects. of cortical pathology that has been identified in post-mortem immunohistochemistry (Peterson et al., 2001; Bo et al., 2003; Kutzelnigg et al., 2005; Magliozzi et al., 2007; Howell et al., 2011) . The finding, presented in Fig. 3 , that a larger percentage of outer cortical surface shows decreased csMTR compared to the inner surface (from 27.18% along the outer surface to 7.24% along the inner surface) is in keeping with recent observations by Mainero et al. (2015) . Our work supports these recent findings and in addition, extends their scope by utilizing csMTR at multiple cortical levels. In our study, vertex-level csMTR signal reductions were observed along the outer cortical surface in the superior temporal, parahippocampal, superior/inferior parietal, posterior cingulate and inferior parietal cortices, as well as in the precuneus, cuneus and precentral gyrus of both hemispheres. These results are spatially consistent with the patterns of sub-pial demyelination observed in MS patients in post-mortem histopathology studies (Peterson et al., 2001; Bo et al., 2003; Kutzelnigg et al., 2005) . In Fig. 4 and Table 2 , we have identified parcellated brain regions that displayed either (i) significantly lower group-average csMTR in patients compared to controls or (ii) significant age-related decreases in csMTR in the cortex of MS patients compared to controls. Statistically significant, age-related reductions in csMTR (and associated trends shown in italics in Table 2 ) were generally more prevalent along the Fig. 5 . Vertex-wise statistical maps comparing differences in MTR between cortical surfaces. t-Statistical ( Fig. 5A and B) maps displaying between-surface differences in MTR of patients. This analysis was applied to test the hypothesis that MS patients exhibit a significantly greater reduction in csMTR on the outer surface of the cortex compared to the inner surface, when accounting for the natural gradient of MTR values in controls. The average csMTR at each vertex of the controls was subtracted from the surfaces of each MS patient. The result was then normalized by the mean csMTR in controls and used as input to a general linear mixed model with fixed effects for age, EDSS, white matter lesion load, normalized brain volume at baseline, as well as a random subject-specific effect. The maps in Fig. 5B have been multiple comparisons-corrected using the false discovery rate technique with q = 0.05. outer and mid cortex compared to the inner cortex. This supports the hypothesis that progressive, age-related sub-pial demyelination in MS may be spatially localized along the outer and mid cortical bands. In particular, the ROIs defining the medial orbitofrontal, rostral anterior cingulate, paracentral, posterior cingulate, supramarginal and precuneus cortices showed trends towards age-related csMTR decrease only along the outer or outer/mid cortex. The rostral anterior cingulate, posterior cingulate and precuneus are involved in executive function, memory and processing speed through thalamo-cortical circuits (Leech and Sharp, 2014) . Recent structural and functional MRI studies have identified tissue damage in the thalamo-cortical circuits linked to cognitive impairment and clinical disability in MS (Rocca et al., 2003; Mesaros et al., 2012; Yu et al., 2012; Tona et al., 2014; Tewarie et al., 2015) . As a result, age-related csMTR reductions may be biomarkers of progressive loss of cognitive function and accumulation of clinical disability in MS through demyelination of cortical nodes in the thalamo-cortical network.
With reference to the "main effect" columns in Table 2 , we identified significant reductions in csMTR compared to controls in the outer caudal anterior cingulate, precentral and postcentral cortices. However, no age-related decline was identified in these regions. A common link between these areas is their high myelin content (Glasser and Van Essen, 2011; Bock et al., 2013; Glasser et al., 2014) . This may suggest that, in such regions of naturally occurring high myelin content, either (i) initial demyelination was more severe, so csMTR reached bottom earlier or (ii) repair mechanisms may have allowed cortical pathology to stabilize after an initial period of acute inflammation.
Figs. 5 and 6 illustrate the results of our between-surface, csMTR analysis. For this analysis, csMTR was calculated relative to the mean csMTR on each control surface. The result was then used as input to the longitudinal, linear mixed model with covariates for age, EDSS, white matter lesion load and normalized brain volume at baseline, in addition to a random subject-specific effect which induced equal correlations between observations of the same subject. Two hypotheses were tested: (i) whether the relative csMTR difference between layers was significant ( Fig. 5 ) and (ii) whether there was an association between this difference and EDSS (Fig. 6 ).
In the group-level maps of Fig. 5 , in the superior frontal cortex, pars opecularis, and right superior frontal cortex, the magnitude of the relative decrease in csMTR along the inner surface exceeded that seen on the outer surface (light blue areas in thresholded t-statistic maps). This may be due to inflammatory processes occurring at the gray matter/white matter boundary in these subjects (Geurts et al., 2005; Mainero et al., 2009; Mistry et al., 2014) . Indeed, several recent UHF MRI studies have now recognized the prevalence of leukocortical (Type I), T 2 ⁎ -hyperintense lesions at the gray matter/white matter boundary (Mainero et al., 2009; Nielsen et al., 2013) and have pointed to their significant association with processing speed as well as learning and memory as measured by neuropsychological testing (Nielsen et al., 2013) . Areas where the relative decrease along the outer cortex was larger than that seen on the inner cortex were found in the left supramarginal and inferior parietal cortices, in addition to the left and right superior and middle temporal lobes (orange/yellow areas in thresholded t-statistic maps). These are all highly myelinated regions of the cortex (Glasser and Van Essen, 2011) , supporting the notion that highly-myelinated areas may be preferred foci of cortical sub-pial demyelination in MS.
In Fig. 6 , we have highlighted regions where the relative difference in csMTR between the outer and inner cortex correlated with EDSS. Highly significant correlations were observed in the left and right rostral anterior cingulate and precuneus, as well as in the left superior frontal cortex. These regions are broadly associated with motor and sensory processing. The rostral anterior cingulate has also been implicated with learning and problem solving (Allman et al., 2001) , while the superior frontal gyrus has been related to coordinated action of the sensory processing networks (Goldberg et al., 2006 (Goldberg et al., , 2007 . The precuneus is subdivided according to its functionality into (i) an anterior sensorimotor area which is connected with the premotor and somatosensory cortices (This could explain the association between reduced outer csMTR and EDSS) and (ii) a cognitive/associative central area linked to both inferior parietal lobule and prefrontal cortical regions (Margulies et al., 2009 ). The EDSS score itself is weighted towards motor disability which supports the association in our data with reduced outer csMTR in motor networks. EDSS scores have been repeatedly associated with sensorimotor impairments (Zackowski et al., 2009; Zhuang et al., 2015) , supporting the sensorimotor network spatial correlations in Fig. 6 .
Using high-resolution 7 T data from a multi-echo gradient echo sequence, Mainero et al. recently observed correlations between increased T 2 ⁎ (indicative of demyelination) and neurological disability defined by EDSS and MSSS (Mainero et al., 2015) . The greatest association was observed on the outer cortical surface for both EDSS and MSSS. However, the reported correlations between surface-based T 2 ⁎ and MSSS were very sparse. Further, when using white matter lesion load as a nuisance factor in their vertex-wise general linear model, Mainero et al. found that a number of surface-based correlations with EDSS were removed (Mainero et al., 2015) . In our work, white matter lesion load was also used as a nuisance covariate, but it had no effect on the cluster-wise correlations with EDSS (Fig. 6 ). This may indicate that csMTR is a more stable measure of the cortical pathology that distinctly contributes to neurological disability measured using EDSS.
Mapping of any quantitative MRI parameter (be it MTR, T 2 ⁎ or any other metric) on cortical surface layers with a resolution of 1 mm isotropic is inherently challenging due to the thickness of the human cerebral cortex (varying between 1 and 4.5 mm). As shown in Fig. 1 , the multilayer cortical surface reconstruction in our study is robust in most regions having thicknesses N 3 mm. For regions with thickness b3 mm, the smoothed values of csMTR along the inner and middle surface may be partially redundant. However, it should be noted that the direct statistical tests performed in this study examined either (i) the difference between corresponding vertex points in MS patients and controls or (ii) the difference in csMTR between the inner and outer cortical boundaries. Since the same surface reconstruction was carried out for both patients and controls and the inner and outer cortical boundaries were generally well separated, we believe the vertex-based, statistical analysis we employed in this study was indeed robust.
Linking cortical MTR signal to underlying sub-pial myelin content also is subject to some confounds. Previous work has demonstrated that MTR on the cortical surface is an indicator of sub-pial demyelination in ex-vivo brain tissue (Chen et al., 2013) . However, such MTR imaging of sub-pial myelin is still an indirect measure because it is weighted by the T 1 relaxation time, the homogeneity of B 1 + excitation and off-resonance saturation pulses, and the MRI sequence parameters (Helms et al., 2008) . Future research will investigate the use of magnetization transfer saturation (Helms et al., 2008) and bound pool fraction mapping (Davies et al., 2004) as alternatives to MTR for potentially more precise measurements of cortical myelin content. In Table 3 we compared mean MTR in NACGM between patients and controls. No significant differences between patients and controls were found in this assessment, suggesting that sub-pial demyelination is not a completely global, whole-cerebrum effect. Instead, our data from Fig. 3 suggest it typically occurs in localized clusters in the vicinity of the primary motor strip, posterior cingulate gyrus, precuneus and cuneus, in addition to the inferior parietal and superior temporal lobes. Significant reductions in MTR were observed between lesion locations in patients compared to corresponding ROIs in controls, while controlling for spatial variations in csMTR. Although the application of a multi-contrast reading protocol, including DIR, allowed detection of many leukocortical lesions in our study, we recognize not all cortical lesions are faithfully detected using 3 T MRI. Therefore, the MTR values cited for cortical lesions in Table 3 correspond to those for a subset of cortical lesions.
The NAWM MTR (i.e. mean white matter MTR not including lesions) of patients in our study was significantly lower than that of controls, suggesting patients in our study may have significant loss of myelin in cerebral white matter. The relationship between NAWM demyelination and cortical pathology remains an open area of research. In their comprehensive diffusion MRI and histopathology-based work, Kolasinski et al. (2012) demonstrated cell or axonal loss in a given white matter brain area may give rise to anterograde or retrograde degeneration in cortical areas distant from the site of initial white matter tissue damage. Further research is necessary to determine whether the well-recognized white matter inflammatory response observed in MS is linked to cortical pathology or whether these events occur independently of one another.
Conclusion
Multi surface-based MTR at the clinically accessible field strength of 3 T identifies cortical sub-pial abnormality suggestive of demyelination in MS patients. Our results suggest that parcellation of the brain using the Desikan-Killiany surface-based atlas allows identification of regional decreases in csMTR compared to controls. Using this information may allow better stratification of early changes in myelination of the cortex and more efficacious detection of treatment response.
